Circulating fetal 3,3 0 ,5-tri-iodo-L-thyronine (T 3 ) is maintained at very low levels until a dramatic prepartum surge. 3,3 0 ,5-Tri-iodo-Lthyronine inhibits serum-stimulated proliferation in near-term ovine cardiomyocytes, but it is not known whether midgestation myocytes are also inhibited. Because early cessation of cardiomyocyte mitosis would result in an underendowed heart, we hypothesized that 0.67 gestation (100 of 145 days gestation) ovine cardiomyocytes would be insensitive to suppressive growth effects of T 3 . These younger cardiomyocytes were grown with T 3 in 10% serum-enriched media for 24 hours. Physiological (0.37, 0.75, and 1.5 nmol/L) concentrations of T 3 dramatically suppressed mitotic activity in cardiomyocytes (P < .001). 3,3 0 ,5-Tri-iodo-L-thyronine stimulated phosphorylation of extracellular signal-regulated kinase and AKT (also known as Protein Kinase B [PKB]) signaling pathways. Nevertheless, the protein content of the cell cycle suppressor, p21, increased 2-fold (P < .05), and promoter, cyclin D1, decreased by 50%. Contrary to our hypothesis, elevated levels of T 3 powerfully inhibit proliferation of midgestation fetal cardiomyocytes. Thus, midgestation maternal hyperthyroidism might lead to an underendowed fetal myocardium.
Introduction
At birth, nearly 60% to 70% of ovine cardiomyocytes have gained a second nucleus and no longer divide. 1 Their loss of mitotic potential occurs through a process known as terminal differentiation, 2, 3 which begins at 110 days of gestation and continues until parturition at about 145 days. Before 110 days, mononucleated fetal cardiomyocytes divide rapidly to build the cellular endowment of the growing myocardium. 1 The process of terminal cardiomyocyte maturation in sheep is predominantly prenatal and is thought to more closely represent human heart development. 4 This precocious growth pattern differs from the pattern in the altricial rat and mouse heart, in which the terminal differentiation process does not begin until after birth; only about 7% of cardiomyocytes are binucleated at birth but more than 95% of cardiomyocytes are binucleated by 2 weeks of postnatal age. 5 An adequate endowment of mature cardiomyocytes is important for the postnatal transition when left ventricular cardiomyocytes contract against a sudden doubling of arterial pressure. 6 Beyond birth, the heart enlarges through the hypertrophic enlargement of individual cardiomyocytes and the expansion of the extracellular matrix with only a small contribution by proliferation. 7, 8 The number of cardiomyocytes contained within the heart at birth can vary according to prenatal hormonal conditions. 4, 9 Fetal growth factors like insulin-like growth factor 1, 10 angiotensin II (Ang II), 11 and cortisol 12 independently stimulate proliferation rates of nearterm ovine cardiomyocytes, whereas the rates are suppressed by atrial natriuretic peptide 13 and thyroid hormone. 14 In the living sheep fetus, proliferation rates are also suppressed under conditions of placental insufficiency. 15 The ovine thyroid gland begins to secrete thyroxine (T 4 ) around 50 days gestational age (dGA) 16, 17 and the concentration of T 4 in plasma slowly rises over the first 2/3 of gestation. However, T 4 itself has a minor influence on cardiomyocyte growth and function because of its low potency. The affinity of T 4 for alpha and b-thyroid hormone receptors (TRa and TRb) is nearly 10 to 15 times less than for 3,3 0 ,5-tri-iodo-L-thyronine (T 3 ). 18 3,3 0 ,5-Tri-iodo-L-thyronine is highly effective in binding thyroid receptors (TRa1 and TRb1). Over the last few weeks of gestation, fetal T 3 levels increase by nearly10-fold as T 4 is converted to T 3 under the influence of ever increasing deiodinase activity in peripheral tissues. [19] [20] [21] Deiodinase gene expression increases under the influence of cortisol, which is elevated dramatically in the last few weeks of gestation consequent to the maturation of steroid synthetic activity in the adrenal gland. 21, 22 We previously reported that physiological concentrations of T 3 are powerful suppressants of serum-stimulated proliferation in cardiomyocytes isolated from late-gestation fetal sheep hearts (*0.9 gestation) 14 and that the elevations of T 3 in the near-term fetus stimulate maturation of cardiomyocytes. 23 At this stage of development, plasma levels of T 3 are rising; consequently by the time of parturition, nearly 70% of cardiomyocytes will have exited the cell cycle. 1 However, it is not clear whether younger more rapidly dividing cardiomyocytes are as sensitive to elevations in T 3 as older ones.
It was once believed that maternal thyroid hormones did not cross the placenta. However, recent evidence proves the contrary. [24] [25] [26] It is now well-accepted that maternal thyroid levels influence fetal levels even before the fetal thyroid is active. 24, 27 There are a number of putative transporters for thyroid hormone in the placenta but monocarboxylate transporter 8 (MCT8) is thought to be the most important. 28 Thus, if T 3 levels became abnormally elevated in fetuses and if cardiomyocytes were sensitive to T 3 , the resulting suppression of cardiomyocyte proliferation would lead to a heart with an inadequate endowment of cardiomyocytes at birth; such a heart might suffer compromised function later in life.
We hypothesized that cardiomyocytes from 100 dGA (0.6 gestation) fetal hearts would be less sensitive to mitotic suppression with T 3 exposure than 135 dGA fetal cardiomyocytes previously studied. Resistance to a T 3 suppressive effect would be a protective mechanism to prevent harm that could be caused by inadequate proliferation at a stage when building the myocardium is crucial. In keeping with the hypothesis, we also reasoned that unlike older myocytes, the expression levels of the cell cycle inhibitory protein, p21, would not be elevated by T 3 nor would the protein levels of the cell cycle promoter, cyclin D1, be suppressed. We supposed that signaling cascades associated with proliferation, including the extracellular signalregulated kinase (ERK) branch of the mitogen-activated protein kinase (MAPK) cascade and the phosphoinositol-3 kinase [PI3K]/AKT pathways, would, likewise, not be altered by T 3 . To test the hypothesis, we isolated cardiac myocytes from sheep fetuses that were *100 days gestation and determined the degree to which T 3 affected mitosis and associated cell signaling.
Materials and Methods

Animals
Animals were studied and cared for in accordance with the Institutional Animal Care and Use Committee at the Oregon Health and Science University (Portland, Oregon). Primary cultures of cardiomyocytes were obtained from noninstrumented, control fetal sheep (Ovis aries; mixed western breed) at 102 + 3 dGA, where term is *145 dGA. The fetal cardiac myocytes that comprise the myocardium at *100 dGA are phenotypically homogeneous and are mononucleated. 1 Materials 3,3 0 ,5-Tri-iodo-L-thyronine (thyroid hormone), 5-bromo-2 0deoxyuridine (BrdU), insulin-transferrin-sodium selenite (ITSS), penicillin-streptomycin-amphotericin B (PSA), Type XIV protease, and laminin were obtained from Sigma-Aldrich (St Louis, Missouri). Type II collagenase was obtained from Worthington Biochemicals (Lakewood, New Jersey).
Antibodies for Western Blot Analyses
The following antibodies were obtained from Cell Signaling (Danvers, Massachusetts). Phospho-p44/42 MAPK (ERK1/2) rabbit polyclonal antibody detects endogenous levels of p44 and p42 MAPK (ERK1 and ERK2) when phosphorylated either individually or dually at Thr202 and Tyr204. Phospho-AKT (Ser473; D9E) XP rabbit monoclonal antibody detects endogenous levels of AKT only when phosphorylated at Ser473. AKT rabbit polyclonal antibody detects endogenous levels of total AKT1, AKT2, and AKT3 proteins. Rabbit monoclonal a-tubulin detects endogenous levels of total a-tubulin protein and does not cross-react with recombinant b-tubulin. Mouse monoclonal p21 Waf1/Cip1 (DCS60) antibody detects endogenous levels of total p21 protein. The antibody does not cross-react with other cyclin-dependent kinase inhibitors and recognizes the amino-terminal portion of p21. The remaining antibodies were obtained from Santa Cruz Biotech, Inc. (Santa Cruz, California). Mouse monoclonal cyclin D1 recognizes full-length peptide and does not cross-react with cyclin D3. Mouse monoclonal ERK2 antibody recognizes C-terminus of MAPK p42. Mouse monoclonal TRa1/b1 recognizes the ligand binding domain of each receptor (TRa1: 47 kDa; TRb1: 58 kDa). Horseradish peroxidase linked secondary antibodies (goat anti-rabbit IgG and horse anti-mouse IgG) were obtained from Cell Signaling.
Cardiac Myocyte Isolation
Ewes were euthanized by intravenous injection of a commercial solution of sodium pentobarbital (SomnaSol, *80 mg/ kg, Butler Schein Animal Health, Dublin, Ohio). Fetuses received a bolus dose of heparin (5000 U, Baxter, Deerfield, Illinois), followed by 5 mL of saturated potassium chloride (KCl) into the umbilical vein to arrest the heart in diastole.
Fetuses were weighed and the heart excised, trimmed in a standard way, blotted dry, and weighed. Hearts were enzymatically dissociated as previously described by our laboratory. 29 Briefly, hearts were perfused in a retrograde manner with gassed solutions (95% O 2 and 5% CO 2 , 39 C); tyrodes buffer for 5 minutes ([no calcium added]; 140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl 2 .6H 2 O, 10 mmol/L glucose, and 10 mmol/L 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES); pH adjusted to 7.35 with NaOH) until the vessels were clear of blood; 2 minutes with 160 U/mL type II and 0.78 U/mL type XIV protease in tyrodes buffer to digest the tissue; finally, 5 minutes with a high potassium, calciumfree Kraftbrühe (KB) solution (74 mmol/L glutamic acid, 30 mmol/L KCl, 30 mmol/L KH 2 PO 4 , 20 mmol/L taurine, 3 mmol/L MgSO 4 , 0.5 mmol/L ethylene glycol tetraacetic acid (EGTA), 10 mmol/L HEPES, and 10 mmol/L glucose; pH adjusted to 7.37 using KOH). The left ventriclular (LV) and right ventricular (RV) free walls were dissected from the heart and placed into separate tubes containing 20 mL KB solution. The tissue was gently agitated to release cardiomyocytes.
Cardiomyocyte Cultures
Cardiomyocytes were cultured as previously described by our laboratory. 13, 14 The freshly isolated slurry of myocytes rested for 30 to 60 minutes at room temperature (RT) before centrifugation and resuspension in sterile serum media (10% fetal bovine serum; Invitrogen, Carlsbad, California); Dulbecco's Minimum Eagle Medium (DMEM) low glucose: 5.56 mmol/L D-glucose, 4 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 5.33 mmol/L KCl, 0.4 mmol/L glycine, pH 7.4 (Invitrogen, #11885-084) supplemented with 10 mg/L of ITSS, and 10 mL/L PSA. All cultures were performed at 39 C and 5% CO 2 . Cells were preplated twice to remove non-myocyte cells (2 hours each time). Myocytes were then seeded on 22 Â 22 mm 2 glass coverslips (for measurement of proliferation) or in 6-well plates (for protein analysis). Coverslips and 6-well plates were coated with laminin (4 mg/mL) for at least 4 hours and aspirated just before plating at a density of 1.5 Â 10 5 cells per coverslip and 5 Â 10 5 cells per well. Cardiomyocytes were incubated in serum media for 24 hours. Cells were then incubated in serum free (SF) media for 48 hours, and the media was changed again to fresh SF media for 24 hours before treatment; treatment commenced on culture day 5 for all experiments.
Proliferation Studies (BrdU Uptake)
In order to determine the effects of T 3 on cardiomyocyte proliferation, we measured BrdU incorporation (10 mmol/L) as an index of cell proliferation in 2 groups of cultured fetal cardiomyocytes: (1) 48 hour in SF medium with increasing T 3 doses and (2) 48 hour of serum medium with increasing T 3 concentrations. We chose to treat with media containing T 3 with and without serum because we wanted to compare both conditions with our previous studies in near-term fetal sheep. Concentrations of T 3 ranged from those occurring normally in fetal sheep during gestation (0.37, 0.75, and 1.5 nmol/L) 19 to those that might occur under pathological conditions (3, 10, and 100 nmol/L). 14, 30, 31 The total T 3 levels in the last one third of gestation was represented as 0.37 nmol/L, approximating the normal circulating levels near 100 dGA, and 1.5 nmol/L, the concentration found just prior to birth. 32, 33 Many in vitro studies describing T 3 actions use only the higher concentrations of T 3 . 30, 31, 34 In our study, we used the higher conventional concentrations exclusively to determine T 3 's effect on cell cycle proteins to provide comparisons with previously published studies. At the end of the study, cardiomyocytes were fixed in ice-cold ethanol for staining procedures.
5-Bromo-2 0 -deoxyuridine Uptake Analysis
Cells were permeabilized by incubating with 5 mg/mL DNase as described previously 11 for 30 minutes at 37 C. Fixed cultured cardiomyocytes were then incubated with mouse antimyosin heavy chain a/b (1:5000, ab15, Abcam, Cambridge, Massachusetts) and rat anti-BrdU (1:500, ab6326, Abcam) antibodies overnight at 4 C. Following phosphate-buffered saline (PBS) washes, cells were incubated in anti-mouse rhodamine red (1:200, Jackson ImmunoResearch, West Grove, Pennsylvania) and anti-rat fluorescein isothiocyanate (FITC; 1:200, Jackson ImmunoResearch, West Grove, Pennsylvania) secondary antibodies for 2 hours at RT. Coverslips were mounted onto slides using Vectashield Hardset mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, California) and stored in the dark overnight at 4 C to allow the mounting medium to set. 14 The portion of BrdU-positive myocytes was determined in a random sample of 300 (minimum) myocytes using fluorescence microscopy (Â400 magnification; Zeiss Axiophot, Bartels & Stout, Bellevue, Washington) with FITC (excitation: 450-490 nm and emission: 515-565 nm) and TRITC filters (tetramethylrhodamine isothiocyanate, excitation: 485 nm and emission: 515-530 nm). 5-Bromo-2 0 -deoxyuridine-positive cardiomyocytes were identified as those that stained positive for both myosin (rhodamine) and punctuate nuclei (FITC), indicating BrdU incorporation.
Thyroid Hormone Signaling
Fetal cardiomyocytes were prepared in 6-well plates as described above for signaling studies on day 5 of culture. In order to isolate the signaling cascades triggered by T 3 alone, we performed these studies in SF media to remove the influence of serum. 30, 31, 35 The first group of cells was incubated with increasing concentrations of T 3 in SF media (1.5, 10, and 100 nmol/L) for 24 hours at 39 C. These were used to determine whether T 3 affected p21 (cell cycle inhibitor) and cyclin D1 (cell cycle promoter) expression. These same lysates were used to determine whether the thyroid hormone receptor isoforms (TRa1 and TRb1) are altered by media conditions or concentration of T 3 used. We also determined the rapid activation profile of ERK and AKT by phosphorylation (pERK and pAKT) at the same concentrations following a 10-minute stimulation. Cell lysates were prepared for protein analysis as described below.
Western Blot Analysis
After the appropriate incubation period, medium was aspirated, cardiomyocytes were rinsed in ice-cold 1Â PBS, lysed (5 mmol/L Tris-HCl, 5 mmol/L EGTA, 5 mmol/L EDTA, 0.06% sodium dodecyl sulfate (SDS), protease inhibitor minicomplete tablet [Roche, Indiana], and phosphatase inhibitor cocktail I and II [Sigma-Aldrich]), and collected into prechilled tubes. Protein concentration was quantified by BCA assay (Pierce, Rockford, Illinois). Equal amounts of total protein/ sample (10 mg) were separated by SDS polyacrylamide gel electrophoresis (PAGE) on a 10% Tris-glycine gel and transferred to a nitrocellulose membrane (Optitran BA-S 83, Whatman, New Jersey). Membranes were blocked with 5% milk in 1Â Tris-buffered saline þ 0.01% Tween 20 (TBS-T) buffer for 1 hour at RT. Membranes were incubated with primary antibodies (1:1000) overnight at 4 C in 4% bovine serum albumin (Sigma-Aldrich) in 1Â TBS-T buffer. Membranes were washed in large volumes of TBS-T before exposure to the secondary antibody (1:5000) in 5% milk-TBS-T for 1 hour at RT. Antibody binding was detected using chemiluminescence (Super-Signal, Pierce, Illinois); protein expression was quantified from a digitized image of the blot using NIH Image J (Version 1.4; NIH). Protein density was normalized to total protein and expressed as phospho-protein/total protein (ERK and AKT) or protein/a-tubulin (TRa1/b1, p21, and cyclin D1).
Statistical Analysis
Only data from left ventricular cells are reported because responses in the RV were similar to those from the LV. On average, BrdU incorporation was slightly lower in RV, but the trends between ventricles were otherwise similar. A minimum of 300 cells per treatment group were assessed for BrdU incorporation and reported as a percentage of total number of cardiomyocytes counted. One-way analysis of variance (ANOVA) was used to analyze BrdU uptake as well as Western blot density. If justified by ANOVA, differences were further analyzed by Tukey multiple comparison post hoc test for the differences between treatment groups. Statistical significance was set at P < .05. Data are presented as mean + SEM. Figure 1 shows a single 100 day cardiomyocyte positively labeled with BrdU and several other unlabeled cardiomyocytes with myofibrils stained for myosin heavy chain a and b (Figure 1 ). 3,3 0 ,5-Tri-iodo-L-thyronine did not affect BrdU incorporation rates under SF culture conditions, which were on the order of 12% (Figure 2A) , and much higher than seen later in gestation. 14, 36 Proliferation rates rose dramatically to *25% when serum was added to the medium ( Figure 2B ). However, contrary to our original hypothesis, T 3 (at all concentrations tested) reduced BrdU incorporation rates in the stimulatory environment of serum-rich media (P < .001, Figure 2B ). Also of note, there was a dose-dependent decrease in BrdU uptake at lower T 3 concentrations; proliferation was decreased between serum (0.0 nmol/L T 3 ) and 0.37 nmol/L T 3 (P < .01), which was further decreased by 0.75 nmol/L T 3 (P < .05). There was no further statistical reduction in BrdU uptake when compared with 1.5 nmol/L T 3 ; this latter concentration appeared to represent a plateau in the suppression of proliferation with no further inhibition at higher doses.
Results
5-Bromo-2 0 -deoxyuridine Uptake
Roles of p21 and Cyclin D1
Protein levels of TRa1 or TRb1 were determined by Western blot analysis of lysates of cells incubated for 24 hours in SF media or T 3 (1.5, 10, and 100 nmol/L) in SF media (Figure 3) . Protein levels were also measured in cells grown in serum-rich media. Interestingly, there was no difference in TRa1 or TRb1 levels between SF and serum-rich conditions (Figure 3 ). There was no effect of T 3 concentration on receptor expression of either major isoform of the thyroid receptor. The cell cycle inhibitor p21 was upregulated in SF conditions after 24 hours of T 3 exposure at increasing doses (Figure 4 , P < .05). 3,3 0 ,5-Triiodo-L-thyronine (1.5 nmol/L) stimulated p21 protein expression in a dose response fashion. Cyclin D1 levels were significantly decreased by T 3 in cardiomyocytes compared with cells in SF control ( Figure 5 ). The expression of p21 and cyclin D1 was not different between SF and serum-rich conditions alone.
3,3 0 ,5-Tri-iodo-L-thyronine Signaling: Role of ERK and AKT Phosphorylated ERK (pERK) and Akt (pAKT) were determined by Western blot analysis of lysates of cardiomyocytes that were exposed to a 10-minute bout of T 3 at 3 different concentrations: 1.5, 10, and 100 nmol/L ( Figure 6 ). pERK expression increased with increasing T 3 concentration ( Figure 6A ; P < .05), while pAKT was elevated equally without an upward trend with increasing T 3 doses ( Figure 6B , P < .05). Serum-free levels of both pERK and pAKT were significantly lower than levels in the presence of serum (P < .05).
Discussion
Our findings demonstrate that 100 dGA ovine cardiomyocytes are not protected from the growth suppressive actions of thyroid hormone. This was shown in 2 ways: (1) BrdU uptake was decreased with increasing T 3 levels in a dose-response manner, and (2) BrdU uptake was maximally reduced by 70% in the presence of 1.5 nmol/L T 3 in the more immature 100 days myocyte and about the same degree of suppression of 74% at 1.5 nmol/L T 3 in the older fetal cardiomyocytes. This finding did not support our hypothesis. We had reasoned that the myocardium in the younger fetus would have been more protected from mitosis suppression by T 3 . Such resistance would prevent cardiomyocyte replication at a stage when cardiomyocytes are not ordinarily exposed to significant levels of T 3 and when myocyte numbers are rapidly increasing.
Baseline BrdU uptake rates, without serum enrichment, were 10% to 12% in 100 dGA cardiomyocytes compared with 1% to 2% in 135 dGA cardiomyocyte experiments previously published. 14 The younger cardiomyocytes showed serumstimulated BrdU uptake rates of *25% when compared with *10% in the 135 dGA cells. 14 The age difference in proliferative activity was expected because myocytes from the 100 dGA time point are nearly all mononucleated and are normally proliferating at a higher rate in vivo. As term approaches, myocyte cell cycle activity is known to decrease, an increasing number of myocytes are terminally differentiated (binucleated) and have exited the cell cycle. 1 Figure 2 . 5-Bromo-2 0 -deoxyuridine (BrdU; 10 mmol/L) incorporation in left ventricular cardiomyocytes from 100 dGA fetal sheep. A, T 3 has no effect on BrdU incorporation of cells treated in serum free media but (B) inhibits BrdU uptake stimulated by 10% fetal bovine serum at all concentrations of T 3 used. Data are mean + standard error of mean, each bar n ¼ 7, ##P < .01, ###P < .001 versus serum control, *P < .05 versus T 3 0.37 nmol/L. 3,3 0 ,5-Tri-iodo-L-thyronine did not suppress the rates of BrdU uptake among cardiomyocytes under SF conditions, even at the highest doses tested. A similar effect was previously found in near-term ovine cardiomyocytes. 14 Thus, a sustained level of mitosis, as measured by BrdU uptake, continued in the presence of T 3 even though the cell cycle suppressant protein, p21, was upregulated and the cell cycle promoter, cyclin D1, was depressed in the presence of T 3 at all concentrations. These are not apparently due to an altered expression pattern of the 2 most common receptors, TRa1 and TRb1. The retention of a basal level of proliferation, while interesting, is not likely to be physiologically important because SF conditions are not encountered in the living fetal heart. We speculate that under SF conditions T 3 stimulates a known insulin-sensitive cardiomyocyte survival pathway in which the PI3K/AKT phosphorylation pathway is activated. 37, 38 We found that T 3 activates both ERK and AKT in fetal cardiomyocytes. Activation of the ERK and often, AKT, pathway constituents is associated with pro-proliferative actions. However, in our study, we found that ERKs were activated simultaneously with a suppression of cell cycle activity. We cannot explain this finding. However, others have reported that ERK activation can be associated with elevations in p21 when cell cycle activity is suppressed. 39, 40 Thus, the immature cardiomyocyte appears to display a similar behavior.
In humans, but not in sheep, elevated levels of thyroid hormone in maternal plasma lead to elevated fetal thyroid Following an acute exposure to T 3 , ERK phosphorylation is greater with increasing T 3 concentrations (A). AKT phosphorylation, however, increases equally with all three doses of T 3 . Data are mean + standard error of mean, each bar n ¼ 7, *P < .05, and **P < .01 versus serum free control. ERK indicates extracellular signalrelated kinase; T 3 , 3,3 0 ,5-tri-iodo-l-thyronine.
hormone levels throughout gestation. [24] [25] [26] 41 Thus, fetal hyperthyroidism is associated with maternal hyperthyroidism. The monocarboxylate transporter, which transports T 3 and T 4 , has been identified in human placentas 28 and appears to be the primary placental transporter for thyroid hormones. Maternal levels of circulating total T 4 (*110 ng/mL) and circulating total T 3 (*2.0 ng/mL) are elevated during normal pregnancy. 42, 43 Normal human umbilical artery levels of T 4 (90.5 + 0.02 ng/mL) and T 3 (1.9 + 0.96 ng/mL) at birth are similar to fetal sheep levels. 19, 44 We have recently reported that in 130 days ovine fetuses, exogenous elevation of T 3 to levels normally found at term (145 dGA) stimulates the maturation of cardiomyocytes by suppressing proliferation, increasing binucleation and stimulating the sarcoplasmic reticulum transport protein SERCA2a. 23 In these experiments, p21 levels were elevated and cyclin D1 levels suppressed as predicted by the effects of T 3 on isolated 135 dGA cardiomyocytes. 14 Thus, it is likely that the in vitro studies are reliable indicators of expected responses to thyroid conditions in the womb. The role of p21 and cyclin D1 in regulating the cell cycle under the influence of thyroid hormone remains uncertain even though these 2 proteins change in a direction predictive of their regulatory function.
The results of our studies suggest that elevated T 3 would suppress cardiomyocyte proliferation in vivo even in cardiomyocytes that are normally dividing rapidly. We predict that the rates of cell division in the immature cardiomyocytes of mammals would be deleteriously suppressed by hyperthyroid conditions. If the suppressive effect of T 3 on ovine cardiomyocyte cell cycle activity also occurs in human cardiomyocytes, elevated levels of maternal T 3 at midgestation might lead to fetal hearts with a reduced endowment of cardiomyocytes. Such an effect could compromise the myocardium for life.
Conclusions
The last third of ovine gestation is a critical window of development for the myocardium because it is the period of time when cardiac myocytes mature and their numbers are set at birth. During this period, both mononucleated and binucleated myocyte populations are sensitive to nutritional, hormonal, and hemodynamic modification. 4, 10, 12 This report shows that cardiomyocytes that have not yet begun to enter the terminal differential phase and nearly 30 to 40 days away from seeing the naturally occurring prepartum T 3 increase are nevertheless very sensitive to the mitotic suppression effects of T 3 . The findings suggest that the myocardium would be negatively impacted if thyroid levels were to exceed normal concentrations at midgestation. If midgestation human cardiomyocytes are as sensitive to elevated thyroid levels as the sheep cardiomyocytes in this study, maternal hyperthyroid levels could lead to an underendowed myocardium at birth.
